A PCR procedure previously developed for identification of Mycobacterium bovis in formalinfixed tissues was used to identify mycobacteria of the M. avium complex. Tissues were examined from 100 culture-positive cases of M. avium complex infection, including 86 in which the subspecies was not identified and 14 that had been identified as M. avium subsp. paratuberculosis. Each sample was tested with 5 primer sets, 16S ribosomal RNA (rRNA), IS900, IS901, IS1245, and a heat shock protein (hspX), that detect 1 or both M. avium subspecies. The success rate of PCR detection varied with the primers used and the animal species tested. Among the 86 cases with no M. avium subspecies designation, primers for the 16S rRNA gene were clearly the most efficient because they produced amplicons from all samples that reacted with any other primer set. The overall detection rate in this group of samples was 71%: highest in avian tissues (89%) followed by swine (72%) and ruminants (57%) None of the avian or swine tissues reacted with primers for IS900 or hspX, which identify M. a. paratuberculosis. In contrast, 7 of the 12 ruminant samples that were 16S rRNA positive reacted with 1 or both of these primers. All of the 14 cases shown by culture to be M. a. paratuberculosis infections were positive with IS900 primers, whereas only 11 were positive for 16S rRNA. These results indicate that 16S rRNA primers are the most useful for PCR identification of M. avium in formalin-fixed tissues of nonruminant species. However, IS900 primers should also be used when ruminant tissues are examined because these primers provide the greatest sensitivity for detection of M. a. paratuberculosis infections.
Eradication of bovine tuberculosis in the United
States has been a long-term goal that is now nearing attainment. Early in the campaign, the major effort was directed toward identification of infected herds by systematic skin testing. As incidence of the disease declined, the focus of attention shifted to a surveillance program that is based on detection of suspect lesions in slaughter animals, with subsequent histopathologic examination and culture of the tissues. If culture results indicate the presence of Mycobacterium bovis, epidemiologic investigations are begun to locate the potential source of infection and to identify other animals that might have been exposed. Unfortunately, several weeks may elapse before this effort can be initiated because M. bovis is such a slow-growing organism. To provide a more rapid diagnostic method, a polymerase chain reaction (PCR) procedure was developed that allows specific identification of M. tuberculosis complex bacteria (M. tuberculosis, M. bovis, M. africanum, and M. microti) in formalin-fixed, paraffin-embedded tissues. 14 When positive results are obtained with this procedure, it is possible to make a diagnosis of tuberculosis 2-3 days after tissue samples are received at the laboratory. However, negative results cannot provide assurance that a lesion is not due to M. bovis because the test does not provide 100% sensitivity. 14 If an alternative diagnosis could be provided in such cases, it would be very helpful to tuberculosis epidemiologists who must make regulatory decisions regarding quarantine, tracebacks, etc. The current study was undertaken to determine if the PCR method would be useful for rapid identification of M. avium complex (MAC) organisms in formalin-fixed tissue. This group of organisms consists of 2 species, M. intracellulare and M. avium, the latter consisting of 3 closely related subspecies, M. a. avium, M. a. paratuberculosis, and M. a. silvaticum. 21 Two of these subspecies, M. a. avium and M. a. paratuberculosis, can cause lesions similar to those caused by M. tuberculosis, 10,20 so identification of these organisms would be especially desirable as an aid to differential diagnosis.
Materials and methods
Tissues. All 100 paraffin blocks of formalin-fixed tissue used for this study were obtained from the archival collection at the National Veterinary Services Laboratories (NVSL), Animal and Plant Health Inspection Service, USDA. The tissues were submitted to the NVSL Pathobiology Laboratory either by federal personnel who were complying with requirements of the tuberculosis eradication program or by personnel in nonfederal laboratories who were seeking diagnostic assistance. Only tissues from which isolation of an MAC organism had been reported by the NVSL Diagnostic Bacteriology Laboratory were selected for examination because the primary objective of this study was to compare the relative diagnostic efficiencies of different PCR primer sets. In 86 cases, the designation of MAC etiology was based on classification of the bacterial isolate with a commercial nucleic acid hybridization system a that does not allow subspecies identification. The other 14 cases were classified as M. a. paratuberculosis, based on mycobactin dependency of the isolates. At the time paraffin-embedded sections were cut for use in the PCR tests, a section also was prepared for acid-fast staining 16 to verify that bacteria were present in the tissue. Sections from lymph node of a noninfected steer were included as a negative tissue control for PCR tests, at a ratio of 1 control for every 10 test samples examined. Other specificity controls included in the study were 10 tissues from culture-positive cases of bovine tuberculosis that had previously tested PCR positive for M. tuberculosis complex organisms 14 and 10 bovine tissues that had nonmycobacterial granulomatous lesions. Sample preparation. Procedures used to cut paraffin-embedded tissue sections and prepare crude DNA extracts were described previously. 14 A 10-l aliquot of each crude extract was tested with each set of PCR primers, and only samples that failed to react with any primer were retested using purified DNA. The DNA purification procedure was modified slightly from the original; 14 protein removal was accomplished with a protein-binding reagent b as recommended by the manufacturer. DNA was isolated from the supernatant by ethanol precipitation and suspended in 200 l water. c The 10-l aliquots were used for all PCR amplifications.
PCR. Each sample was examined with 5 primer sets that detect M. avium organisms and also with the primers previously used for detection of M. bovis 14 (Table 1 ). Three of the M. avium primer sets amplify insertion sequences (IS) that characteristically are present as multiple copies: IS901, found only in M. a. avium; 1, [11] [12] [13] 17 IS900, considered specific for M. a. paratuberculosis; 2,7,22,23 and IS1245, which has been reported in both subspecies. 3, 4, 9, 19 The other 2 sets of M. avium primers detect single-copy genes. One of these primer sets identifies a 16S ribosomal RNA (rRNA) sequence that is present in both subspecies, 27 whereas the other primer set (hspX) detects the gene for a heat shock protein that is unique to M. a. paratuberculosis. 6 All amplification reactions were conducted with a hot-start procedure that is based on heat-activated polymerase. d The concentration of reactants (50 l final volume) was as follows: 20 pM primers, e 1.25 U DNA polymerase, d 0.2 mM nucleotides, f and 2.5 mM Mg (except for hspX, which was 1.5 mM Mg). d Each set of test samples included a negative control tube in which water was substituted for a test sample. A complete mastermix was prepared for each primer set, and 40-l aliquots were introduced into the reaction tubes, g which were held at Ϫ20 C until use (after this study was concluded, the holding temperature was changed to Ϫ70 C, as previously recommended 18 ). Positive control DNA (10 ng) was obtained from bacterial culture extracts. For M. avium, a mixture of M. a. avium h and M. a. paratuberculosis i was used.
Amplification conditions for primers 16S rRNA, IS901, IS900, and IS1245 were as follows: 10 min at 94 C; 50 cycles of 1 min at 94 C, 15 sec at 65 C, and 2 min at 72 C; and a final 10-min extension at 72 C. For hspX, the initial denaturation was at 94 C for 5 min followed by 50 cycles of 1 min at 94 C, 1 min at 60 C, and 1 min at 72 C, with a 10-min final extension at 72 C. IS6110 amplification and detection of PCR products was the same as described previously. 14 
Results
The tissues from 86 cases identified by bacterial culture as MAC infection (subspecies unknown) came from a variety of animal species: 18 birds, 46 swine, and 22 ruminants (including 13 cattle, 6 deer, 2 elk, and 1 goat). A summary of PCR results is presented in Table 2 , and examples of reactions are illustrated in Fig. 1 . The 16S rRNA primers were clearly the most efficient because they detected M. avium in all samples that reacted positively with any other M. avium primer set. Based on 16S rRNA results, the overall rate of organism detection was 71% (61/86), and most of the positive tests (47/61) were obtained with crude DNA extract. The percentage of positive 16S rRNA reactions varied with the animal species tested; it was highest in avian tissues (89%), followed by swine (72%), and ruminants (57%). None of the swine or avian tissues were positive in tests with either the IS900 or hspX primers, both of which are specific for M. a. paratuberculosis. In contrast, 7 of the 12 16S rRNA-positive ruminant samples reacted positively with these primers (6 with both primer sets and an additional sample with IS900 only). These 7 samples, which were apparently from animals infected with M. a. paratuberculosis, were from 4 deer, 2 cattle, and 1 goat. Two of the other 16S rRNA-positive ruminant samples (1 cow, 1 elk) were identified as M. a. avium on the basis of a positive IS901 amplification, but a subspecies determination was not possible for the remaining 3 samples (all cattle) because they reacted only to the 16S rRNA primers.
The IS6110 primers were included in this survey of M. avium-infected tissues to lend further support to previous work that demonstrated the specificity of IS6110 for M. tuberculosis complex bacteria. 14 However, 1 of the samples tested produced a positive result with these primers. To verify the result, a second tube was tested and the same response was observed. A confirmation test was then conducted using primers for MPB70, 25 a single-copy gene found in mycobacteria of the M. tuberculosis complex, and the results were positive. Subsequent investigation of NVSL records revealed that tissue from this case (an elk) had been inoculated into guinea pigs, and the bioassay indicated an M. bovis infection. Tissues from the 10 blocks of nonmycobacterial granulomas and from the 10 blocks of PCR-positive M. bovis infection did not react with any of the M. avium primers.
Tissues of all 14 ruminant cases from which M. a. paratuberculosis had been isolated (7 cattle, 6 deer, 1 elk) reacted positively with the IS900 primers (Table  3 ; Fig. 2 ). The 16S rRNA and hspX primers were somewhat less successful, detecting bacteria in only 11 and 9 tissue samples, respectively.
Discussion
The PCR detection rate of 71% in tissues from MAC culture-positive animals was somewhat disappointing because in earlier work with M. bovis-infect- ed animals the organism was detected in 93% of tissues tested. 14 There are several possible reasons for the results obtained in the present study. Because the DNA extraction procedures used were developed specifically for tissues infected with M. bovis, they may not have been optimal for MAC organisms. Also, the 16S rRNA primers for M. avium, which were the most efficient for use in formalin-fixed tissue, do not detect either M. intracellulare 27 or a group of organisms known as MAC-X. 5 In contrast, the nucleic acid hybridization system that was used to classify bacterial isolates from the cases examined does react with these organisms. 5, 24, 26 Therefore, if any of the tissues in our study were infected with either M. intracellulare or MAC-X bacteria, they would not have been detected with the 16S rRNA primers we used. Although pathogenicity of the MAC-X bacteria has not been reported in animals, these bacteria have been identified as human pathogens 24 and reportedly account for about 5% of the cases of atypical mycobacteriosis in Australia. 5 Another possible explanation for the reduced efficiency of PCR for M. avium, as compared with M. bovis detection, may be related to differential effects of formalin fixation on the nucleic acid sequences amplified by the 16S rRNA and the IS6110 primers. Formalin fixation compromises PCR amplification reactions because of DNA degradation, which has led to a recommendation that only primers for short sequences (Յ 200 bp) be used on such material. 8 The IS6110 primers used for M. bovis identification were chosen primarily because they had been thoroughly tested by others to confirm their specificity with M. tuberculosis complex organisms. Fortunately, the 123-bp target sequence amplified by those primers appears to be rel-atively resistant to the effects of formalin fixation. The 16S rRNA M. avium primers used in the current study also were selected on the basis of documented evidence for species specificity. Although these primers were better than others in the group, at least for detection of M. a. avium, the nucleic acid sequence they amplify may not be as resistant to formalin as the sequence detected by IS6110 primers.
Because of the anticipated sensitivity advantage that should be obtained by testing for a multiple-copy amplification target, it was surprising that primers for the single-copy 16S rRNA sequence performed so well in the present study. Only in M. a. paratuberculosis infections was there a recognizable deficiency of the 16S rRNA test, the IS900 primers obviously being superior in this instance. The comparatively poor response to primers for IS901 may reflect the experience of others who have found that this insertion sequence is not present in all M. avium isolates. 11, 17 A closely related sequence, IS902, was not used in this study because it has only been reported in M. a. silvaticum, an organism isolated from the wood pigeon. 15 IS1245 was chosen for this investigation because of recent reports that indicate it may be a common element in M. avium isolates from swine; 3, 9 however, even in this species the detection rate of IS1245 primers was unacceptably low (30%).
The one case of an elk tissue that responded to IS6110 primers, indicating infection by M. bovis, was unexpected. The M. avium isolation reported from this animal could have resulted from a laboratory identification error, isolation of a tissue contaminant, or a true mixed infection. Even though none of the PCR tests documented the existence of a mixed infection, that possibility cannot be ruled out, especially because the primers used for detection of M. avium were relatively insensitive.
In conclusion, this study shows that primers for amplification of a 16S rRNA sequence of M. avium are the most efficient for use in PCR identification of M. avium in formalin-fixed tissues of nonruminant species. However, for examination of ruminant tissues it is necessary to also use primers for amplification of the insertion element IS900 to provide optimum detection of M. a. paratuberculosis. It would be somewhat more convenient and less costly if the 3 primer sets useful for mycobacterial differentiation (IS6110 for M. tuberculosis complex, 16S rRNA and IS900 for M. avium) could be combined into a multiplex assay. However, amplicons produced by these primers are in the same size range (123, 193, and 229 bp, respectively), and a mixture of these primers could present some risk for misinterpretation of results unless Southern blot or a similar technique was used to confirm the identify of the amplification products.
